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Abstract 
Employing high surface area supports for catalytic hydrodechlorination can result in pronounced 
adsorption of reactants, intermediates and products. The influence of these sorption processes on 
the activity and selectivity upon 4-chlorophenol (4-CP) hydrodechlorination in aqueous solution 
has been studied using four commercial Pd/Al2O3 and Pd/AC catalysts at ambient pressure 
within the temperature range of 20-40 °C ([4-CP]0 = 0.78 – 2.90 mmol L
-1, [catalyst] = 1 g L-1, 
50 NmL H2 min
-1). The adsorption capacity of the catalysts was independently evaluated. The 
Al2O3-based catalyst did not show any significant adsorption of those species whereas the 
activated carbon materials presented in all cases high uptakes (e.g. up to 2.4 mmol4-CP gcat
-1). In 
order to deduce true kinetic constants also for these catalysts, a kinetic model was developed, 
which accounts for the consecutive reaction and sorption processes in parallel. This expanded 
model resulted in a reasonable fit, can thus be used for comparison of different catalysts 
regardless their sorption capacity and allows predicting successfully the selectivity to the 
reaction products. 
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1. Introduction 
The increasing social and political concern on environment demands a more rigorous control of 
industrial wastewaters and thus, the development and implementation of new technologies capable to 
deal with toxic pollutants resistant to the broadly established conventional methods. Among these 
hazardous pollutants, chlorophenols (CPs) require special attention due to their high toxicity, persistence 
and low biodegradability. Because of their antimicrobial properties, they are commercially important 
chemicals with an estimated production of ca. 100 kt per year (Pera-Titus et al., 2004), being widely 
used in a diversity of industrial processes related to the manufacture of pesticides, pharmaceuticals, dyes 
and wood preservatives. As a result, they have been detected in both surface and ground waters [1-4], 
which involves a significant risk for the environment.  
Catalytic hydrodechlorination (HDC) appears as a promising technology for the treatment of 
wastewater containing organochlorinated pollutants since it shows remarkable advantages when 
compared to other techniques [5-7]. HDC can operate at mild conditions, not requiring high 
temperatures and/or pressures as in the case of incineration or wet oxidation processes. Large amounts 
of reagents, such as in Fenton oxidation, are not needed. It is also efficient within a wide range of 
concentrations of chlorinated compounds, which is not the case of biological methods. Furthermore, in 
contrast to oxidation processes, HDC is not strongly affected by the number of atoms of the pollutant 
[8]. In this process the organochlorinated compound reacts with hydrogen leading to the formation of 
hydrogen chloride and hydrocarbons. Although HDC does not provide the complete destruction of the 
pollutants, it leads to their convenient transformation into substantially less harmful species, which 
involves a significant decrease on the ecotoxicity of the effluent [6]. Accordingly, HDC has been 
regarded as a detoxifying stage prior to oxidation [8, 9] or biological treatments [10]. Nevertheless, from 
an economic point of view, the formation of valuable non-chlorinated hydrocarbons could be also a 
potential advantage since they may be reused as raw material, as it is the case of phenol, an important 
industrial precursor to many materials and useful compounds [11]. On the other hand, the main 
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drawback of this technology, which has limited so far its widespread application, is the relatively low 
stability of the catalysts due to chloride poisoning (Diaz et al., 2011).  
HDC reactions have been studied over a number of metals, being those based on Pd [6, 12-17], Pt [14, 
17] and Rh [14, 17-19] with metal loadings ranging from 0.5 to 10% (w/w) the most active ones. 
Among them, Pd is the metal least affected by the catalyst poisoning properties of the chloride ions 
released [20, 21] and is commonly identified as the most suitable active phase for liquid-phase HDC 
[20, 22]. The catalytic support plays also an important role in both catalytic activity and stability and has 
been investigated on carbon [6, 23-25], alumina [14, 16, 26], zirconia [27, 28] and pillared clays [29, 
30], among other, with alumina and activated carbon being the most reported systems in the literature 
[15, 31, 32]. It is generally accepted that alumina presents a high mechanical resistance and a strong 
interaction with supported metals leading to enhanced metal dispersion but it is also quite sensitive to 
the HCl formed upon the reaction [20, 33]. In contrast, activated carbon is relatively inert to the HCl 
generated and has been postulated as very suitable support for HDC [20]. Moreover, depending on the 
catalytic requirements the carbon porosity and surface chemistry can be tuned through the 
manufacturing and activation processes [23, 34].  
The reaction mechanism of chlorophenols hydrodechlorination has been widely studied in the 
literature [14, 16, 17, 26, 35-38]. It is generally accepted that monochlorophenols react with hydrogen to 
produce phenol (Ph), which is further hydrogenated to cyclohexanone (C-one) [17, 26, 36-38]. 
Cyclohexanol (C-ol) can also be formed by hydrogenation of C-one when Rh or Pt are used as active 
phase [17, 26, 36] or when activated carbon-supported-Pd catalysts containing high amounts of oxygen 
surface groups, especially carboxylic acids and lactones, are employed [23]. The experiments of those 
studies are normally described by simple pseudo-first order rate equations, where the H2 and catalyst 
concentration are included in the kinetic constants [14, 17, 26]. For simplicity the few kinetic studies 
reported in the literature do not consider the contribution of the adsorption of the pollutant as well as the 
intermediates onto the support, although it can be highly pronounced when carbon-based catalysts are 
used. The commonly applied procedure to obtain similar starting reaction conditions for catalysts with 
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different adsorption capacity is to pre-adsorb the reactant onto the catalyst [23, 39]. However, this 
oversimplification is problematic at strong adsorption since it does not allow closing the mass balance. 
Thus, the kinetic constants deduced cannot be used for comparison of different catalysts or to estimate 
the performance at technical scale. Schindler et al. [13] made a first attempt to account for the 
adsorption of HDC of 4-chlorophenol (4-CP). The work is restricted to the initial stage of adsorption 
and reaction on one activated carbon fibre supported catalyst. 
In this study we compare two kinetic models for HDC of 4-CP, which neglect or account, for the 
sorption of the reactant 4-CP, the product Ph and the consecutive product C-one. The models are applied 
to describe experimental data derived from four different commercial Pd/Al2O3 and Pd/AC catalysts for 
the full course of reaction and to deduce the rate constants as a measure for the activity, while only the 
model accounting for the sorption steps results in a reasonable fit. Finally the kinetic data is used to 
simulate the course of reaction and selectivity towards the intermediate product Ph, which is strongly 
affected by ad/desorption on the catalyst support and is not directly available from the free phase 
concentration measured during the experiments. 
2. Materials and methods
2.1. Catalysts 
Commercial catalysts were delivered by Alfa Aesar (AA) and Sigma Aldrich (SA) and were dried 
before use to remove physisorbed water. The alumina-based catalyst presents 1 wt.% Pd whereas the 
carbon-supported ones contain 1, 5 and 10 wt.% Pd according to the specification. Correspondingly, the 
catalysts have been denoted as Pd/Al2O3, Pd/AC-AA(1), Pd/AC-SA(5) and Pd/AC-AA(10). 
2.2. Catalyst characterization 
The porous structure of the catalysts was characterized from nitrogen adsorption-desorption at -196 
°C using a Micromeritics ASAP 2010 apparatus. The samples were previously degassed overnight at 
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150 °C. The particle size of the catalysts was measured in aqueous suspensions by dynamic light 
scattering using a Mastersizer 2000 system (Malvern Instruments). 
 
2.3. Typical reaction procedure 
The aqueous phase HDC runs were performed in a glass slurry-type reactor (250 mL) where 
hydrogen was continuously fed at 50 NmL min-1. A reaction volume of 150 mL, a catalyst concentration 
of 1 g L-1 and a stirring velocity of 750 rpm were always used, whereas the temperature was 
investigated within the 20-40 ºC range. The starting concentration of 4-CP was fixed at 0.78 mmol L-1 
and 2.90 mmol L-1 for Pd-supported on alumina and AC catalysts, respectively. 0.78 mmol L-1 was 
selected as it is a representative concentration of chlorophenols in several industrial wastewaters (e.g. 
chlorine pulp bleaching, manufacture of pesticides, pharmaceuticals and paints, among other) (Maloney 
et al., 1986; Ghaly et al., 2001). The higher concentration used with the AC catalysts is due to the high 
adsorption capacity of those supports. Blank tests intended to confirm that the reaction did not proceed 
in the absence of catalyst were conducted at all the temperatures tested. The existence of both internal 
and external mass transfer limitations in the experiments was found to be negligible from the values of 
the Carberry and Weisz-Prater numbers (see Tables S1 and S2 in Supplementary Material). Model 
simulations were undertaken using the kinetic modelling software package Presto-kinetics version 7.2.2. 
The equilibrium adsorption tests with AC-based catalysts were carried out under the same operating 
conditions and procedure as the HDC tests but in the absence of hydrogen. In this case, 4-CP, Ph and 
C-one solutions were prepared with concentrations from 0 to 10 mmol L-1. The equilibration time was 
1 h for all the samples. The equilibration data were analysed using the Langmuir equation expressing 
the relation between the adsorbed amount per unit adsorbent mass and the concentration in solution (Eq. 
1).  
 𝐶𝐴𝐷𝑆𝑖 =
𝐾𝑆𝑂𝑅𝑃𝑖 ∙𝐶𝐴𝐷𝑆−𝑀𝐴𝑋𝑖 ∙𝐶𝐹𝑅𝐸𝐸
1+𝐾𝑆𝑂𝑅𝑃𝑖 ∙𝐶𝐹𝑅𝐸𝐸
                                                                                                                              (1) 
 7 
i = 4-CP, Ph, C-one. 
where CADS is the amount of solute adsorbed on the solid catalyst at equilibrium; CFREE is the 
equilibrium concentration of solute in solution; KSORP is the Langmuir adsorption equilibrium constant 
and CADS-MAX is the maximum possible amount of solute adsorbed per unit mass of catalyst.  
The progress of the HDC and/or adsorption runs was followed by periodically withdrawing and 
analyzing liquid samples from the reactor. The catalyst was separated by filtration using a PTFE filter 
(pore size 0.2 m). 4-CP, Ph and C-one were analyzed by GC/FID (3900, Varian) using a 25 m length 
and 0.32 mm i.d. capillary column (CP-FFAP CB, Varian) and nitrogen as carrier gas (30 mLN min-1). 
The temperatures at the injector and FID detector were set at 150 and 300 ºC, respectively. The 
temperature in the column was increased from 70 to 240 ºC at a constant ramp of 15 ºC min-1, allowing 
the proper separation of 4-CP, Ph and C-one at retention times of 11.2, 8.6 and 4.2 min, respectively. 
Chloride was analysed using an IC25 Ion Chromatograph equipped with a 2x250mm IonPak AG11-HC 
column and a 2x50mm AS11-HC pre-column (Dionex). The hydroxide eluent was provided by an EGC 
III KOH eluent generator cartridge. Flow rate and sample volume were 0.4 mL/min and 100ul, 
respectively. 
 
3. Results and discussion 
3.1. Evaluation of the adsorption capacity of the catalysts 
The catalysts studied differ strongly in their pore structure and surface composition. The alumina 
catalyst shows approximately a 3 times lower specific surface area and 2 times lower pore volume 
compared to the activated carbons (for more details on characterization results see Supplementary 
Material). The influence of these differences on the adsorption of compounds from the reaction mixture 
was studied within the relevant concentration range where HDC experiments were carried out. The 
effect of temperature on the adsorption capacity of the catalysts was also evaluated with Pd/Al2O3 and 
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Pd/AC-AA(1) within the range of 20-40 °C. Independent adsorption equilibrium experiments, without 
parallel reactions, were ensured by the absence of H2. All AC-based materials showed a high uptake for 
all species. As representative example, Fig. 1 depicts the obtained adsorption isotherms at 30 °C with 
Pd/AC-AA(1) (the other isotherms are given in the Supplementary Material). For Pd/Al2O3 only 
negligible uptake resulted. Hence, not only a 3 times lower uptake, which could have been explained by 
the lower specific surface area is observed but a more or less complete absence of adsorption. The 
difference in surface interaction with the hydrophilic metal oxide surface compared to the hydrophobic 
carbon one should be the major reason for this observation. For the AC materials the Langmuir isotherm 
was applied to fit the experimental sorption results and obtain adsorption equilibrium constant (KSORP) 
and maximum compound uptake per unit adsorbent mass (CADS-MAX). Table 1 compares the data 
obtained for the different AC-based catalysts at 30 °C (for data at other temperatures see Supplementary 
Material). The results obtained are consistent with those previously reported in the literature for the 
adsorption of 4-CP and Ph using different activated carbons [40, 41]. Particularly, the KSORP values 
obtained follow the same trend that those reported by Shindler et al. [13], who also found that KSORP-4CP 
can be up to 4 times higher than that of Ph. However, the CADS-MAX values showed in that work are 
around 2 times higher (5.2 and 4.1 mmol g-1 for 4-CP and Ph, respectively) than those obtained in this 
work, which is consistent with the significantly higher surface area of their AC support (1460 m2 g-1).  
 
3.2. Model set-up 
The sorption study clearly demonstrates that for the AC-based catalysts pronounced sorption of all 
species in the reaction mixture takes place and thus, needs to be accounted, when deducing rate 
constants. To demonstrate the influence, in this work HDC experiments were carried out with the four 
catalysts differing strongly in their sorption characteristics and two kinetic models (compared in Scheme 
1) were applied to describe the resulting concentration profiles and to deduce kinetic constants. To be 
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able to compare different palladium loadings, the modified reaction time tmod was employed. It is 
defined as the product of time and concentration of Pd as follows: 
𝑡𝑚𝑜𝑑 = 𝑡
𝑚𝑐𝑎𝑡,𝑃𝑑
𝑉
                                                                                                                                                       (2) 
Model 1 is the one mainly used in literature and, as shown in Scheme 1, only accounts for the 
consecutive reaction network, while ignoring the sorption processes. Considering that the process takes 
place under kinetic control and that the amount of Pd as also the hydrogen pressure is kept constant 
during the experiments, pseudo-first order kinetics with regard to the organic reactants can be applied 
[14, 17, 26]: 
𝑑𝐶4−𝐶𝑃
𝑑𝑡𝑚𝑜𝑑
= −𝑘𝐻𝐷𝐶−1 ∙ 𝐶4−𝐶𝑃                                                                                                                                   (3) 
𝑑𝐶𝑃ℎ
𝑑𝑡𝑚𝑜𝑑
= 𝑘𝐻𝐷𝐶−1 ∙ 𝐶4−𝐶𝑃−𝑘𝐻𝐷𝐶−2 ∙ 𝐶𝑃ℎ                                                                                                               (4) 
𝑑𝐶𝐶−𝑜𝑛𝑒
𝑑𝑡𝑚𝑜𝑑
= 𝑘𝐻𝐷𝐶−2 ∙ 𝐶𝑃ℎ                                                                                                                                          (5) 
Model 2 additionally accounts for all ad- and desorption processes of the three compounds involved. 
Further assumptions are that the adsorption takes place onto active carbon and not on Pd (Shindler et al., 
2001; Diaz et al., 2011). Additionally surface diffusion of adsorbed species towards reactive sites is 
ignored. In this model the same pseudo-first order approaches are used for the consecutive reaction 
steps. The parallel sorption processes are implemented according to the Langmuir assumptions (total 
number of free and occupied sorption sites is constant; adsorption: first order with regard to the amount 
of free sites and concentration of adsorbate in solution; desorption: first order with regard to adsorbed 
species concentration). Based on this the net production rates of the compounds involved in the overall 
reaction can be expressed with Eqs. (6)-(12): 
𝐶4−𝐶𝑃 𝐹𝑅𝐸𝐸
𝑑𝑡𝑚𝑜𝑑
= −𝑘𝐻𝐷𝐶−1 ∙ 𝐶4−𝐶𝑃 𝐹𝑅𝐸𝐸 − 𝑘𝐴𝐷𝑆−1 ∙ 𝐶4−𝐶𝑃 𝐹𝑅𝐸𝐸 ∙ 𝐿 +
𝑘𝐴𝐷𝑆−1 ∙ 𝐶4−𝐶𝑃 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−4−𝐶𝑃
                             (6) 
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𝑑𝐶4−𝐶𝑃 𝐴𝐷𝑆
𝑑𝑡𝑚𝑜𝑑
= 𝑘𝐴𝐷𝑆−1 ∙ 𝐶4−𝐶𝑃 𝐹𝑅𝐸𝐸 ∙ 𝐿 −
𝑘𝐴𝐷𝑆−1 ∙ 𝐶4−𝐶𝑃 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−4−𝐶𝑃
                                                                           (7) 
𝑑𝐿
𝑑𝑡𝑚𝑜𝑑
= −𝑘𝐴𝐷𝑆−1 ∙ 𝐶4−𝐶𝑃 𝐹𝑅𝐸𝐸 ∙ 𝐿 +
𝑘𝐴𝐷𝑆−1 ∙ 𝐶4−𝐶𝑃 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−4−𝐶𝑃
−𝑘𝐴𝐷𝑆−2 ∙ 𝐶𝑃ℎ 𝐹𝑅𝐸𝐸 ∙ 𝐿 +
𝑘𝐴𝐷𝑆−2 ∙ 𝐶𝑃ℎ 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−𝑃ℎ
 
−   𝑘𝐴𝐷𝑆−3 ∙ 𝐶𝐶−𝑜𝑛𝑒 𝐹𝑅𝐸𝐸 ∙ 𝐿 +
𝑘𝐴𝐷𝑆−3 ∙ 𝐶𝐶−𝑜𝑛𝑒 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−𝐶−𝑜𝑛𝑒
                                                                (8) 
𝑑𝐶𝑃ℎ 𝐹𝑅𝐸𝐸
𝑑𝑡𝑚𝑜𝑑
= 𝑘𝐻𝐷𝐶−1 ∙ 𝐶4−𝐶𝑃 𝐹𝑅𝐸𝐸−𝑘𝐻𝐷𝐶−2 ∙ 𝐶𝑃ℎ 𝐹𝑅𝐸𝐸−𝑘𝐴𝐷𝑆−2 ∙ 𝐶𝑃ℎ 𝐹𝑅𝐸𝐸 ∙ 𝐿 +
𝑘𝐴𝐷𝑆−2 ∙ 𝐶𝑃ℎ 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−𝑃ℎ
     (9) 
𝑑𝐶𝑃ℎ 𝐴𝐷𝑆
𝑑𝑡𝑚𝑜𝑑
= 𝑘𝐴𝐷𝑆−2 ∙ 𝐶𝑃ℎ 𝐹𝑅𝐸𝐸 ∙ 𝐿 −
𝑘𝐴𝐷𝑆−2 ∙ 𝐶𝑃ℎ 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−𝑃ℎ
                                                                                     (10) 
𝑑𝐶𝐶−𝑜𝑛𝑒 𝐹𝑅𝐸𝐸
𝑑𝑡𝑚𝑜𝑑
= 𝑘𝐻𝐷𝐶−2 ∙ 𝐶𝑃ℎ 𝐹𝑅𝐸𝐸−𝑘𝐴𝐷𝑆−3 ∙ 𝐶𝐶−𝑜𝑛𝑒 𝐹𝑅𝐸𝐸 ∙ 𝐿 +
𝑘𝐴𝐷𝑆−3 ∙ 𝐶−𝑂𝑛𝑒 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−𝐶−𝑜𝑛𝑒
                              (11) 
𝑑𝐶𝐶−𝑜𝑛𝑒 𝐴𝐷𝑆
𝑑𝑡𝑚𝑜𝑑
= 𝑘𝐴𝐷𝑆−3 ∙ 𝐶𝐶−𝑜𝑛𝑒 𝐹𝑅𝐸𝐸 ∙ 𝐿 −
𝑘𝐴𝐷𝑆−3 ∙ 𝐶𝐶−𝑜𝑛𝑒 𝐴𝐷𝑆
𝐾𝑆𝑂𝑅𝑃−𝐶−𝑜𝑛𝑒
                                                                 (12) 
where C4-CP FREE, CPh FREE and CC-one FREE are the concentrations of 4-CP, Ph and C-one free in solution; 
C4-CP ADS, CPh ADS and CC-one ADS are the concentrations of 4-CP, Ph and C-one adsorbed onto the AC 
support; kHDC-1 and kHDC-2 are the HDC apparent first order rate constants of each HDC reaction step 
shown in Scheme 1; kADS-1, kADS-2 and kADS-3 are the adsorption rate constants of 4-CP, Ph and C-one; 
KSORP-1, KSORP-2 and KSORP-3 are the Langmuir adsorption equilibrium constants previously calculated in 
the adsorption equilibrium experiments for 4-CP, Ph and C-one; and L represents the amount of free 
sites present in the AC support, whose initial value corresponds to the maximum adsorbed concentration 
(CADS-MAX), also determined in the adsorption equilibrium experiments.  
 
3.3. Model evaluation: HDC of 4-CP with Pd/Al2O3 and Pd/AC catalysts 
To study the feasibility of the kinetic models for fitting experimental results and obtaining kinetic 
data, HDC experiments were carried out with the four different alumina and activated carbon supported 
catalysts employed already for the sorption study. When employing model 2, it was additionally 
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assumed that the sorption process is relatively fast compared to the reaction. Thus, all adsorption rate 
constants kADS-1, kADS-2 and kADS-3 were set to relatively high in comparison to the reaction rate constants 
(minimum factor 100) and only later on varied in the fitting procedure. Variation of the adsorption rate 
constants showed also that the model is insensitive to these parameters, corroborating the assumptions. 
The Carberry number and correlation of Hoffer et al. [42] were employed to ensure that the experiments 
were carried out in the intrinsic kinetic regime (see Supplementary Material). 
In first place the results obtained at 30 °C with the extremely low adsorption capacity catalyst 
(Pd/Al2O3) and a high adsorption capacity one (Pd/AC-AA(1)) are compared. The concentration profiles 
resulting for the Pd/Al2O3 with negligible adsorption can be described in a good manner with both 
models (Fig. 2), obtaining the same HDC rate constants (Table 2). An additional indicator that no 
adsorption took place is the amount of chloride ions formed, which was determined by the pH and ion 
chromatography. Approximately all free 4-CP depleted from the solution led to chloride ion formation 
(balance closed to 95%), hence, underwent the HDC reaction. Thus, due to the negligible adsorption 
capacity of the Al2O3 support, the simplification of model 1 is unproblematic and both models are 
suitable to derive the kinetic rate constants. 
However, when trying to simulate the concentration profiles resulting with Pd/AC-AA(1) as catalyst, 
model 1 did not lead to favourable results. The concentration of Ph predicted was around 1.7 mmol L-1
higher than the experimental one (Fig. 3a). On the opposite, as can be seen in Fig. 3b, model 2 allowed a 
fairly good fit of the experimental results. The rate constants derived with both models differ up to 27 % 
for kHDC-1 and 65 % for kHDC-2 (rate constants are given in Table 3). 
Model 2 predicted that all free and adsorbed 4-CP was dechlorinated at the end of the experiment. To 
check this, the amount of produced chloride ions was measured and resulted to ≈2.8 mmol L-1, which is
96% of chlorine added as 4-CP. Additionally, a desorption study of the spent catalyst was carried out, by 
introducing it into a basic solution (NaOH 1M) for 2 h [43-45]. Pronounced desorption of Ph could be 
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detected whereas 4-CP did not appear, corroborating the simulation. All in all, employing model 2 
allowed closing the carbon balance during the whole reactions for 99% and the chloride ions at the end 
of the reactions above 95%.  
Similarly, model 2 was capable of describing accurately the experimental results obtained at 20 and 40 
°C with both catalysts (see Supplementary Material for Figures), while model 1 resulted in strong 
deviations to the experimental data when the high adsorption capacity catalyst was used. Tables 2 and 3 
collect the kinetic constants determined with model 2 as well as the pH values obtained at the end of the 
reactions with Pd/Al2O3 and Pd/AC-AA(1) catalysts, respectively. The pH was strongly reduced from its 
initial value (pH0≈6.0) due to the formation of HCl upon 4-CP HDC. From the values of kHDC-1 derived 
with model 2 and for different temperatures, the apparent activation energy for 4-CP 
hydrodechlorination has been calculated from the Arrhenius equation, obtaining values of 38 and 28 kJ 
mol-1 for Pd/Al2O3 and Pd/AC-AA(1) catalysts, respectively. Those results are consistent with previous 
works [13, 31]. Molina et al. [17] reported a value of 39 kJ mol-1 with Pd-supported on pillared clay 
within the range of 25 to 50 °C. Diaz et al. [14] gave 47 kJ mol-1 with commercial Pd/-Al2O3 within 20 
to 40 °C and Shindler et al. [13] obtained a value of 25 kJ mol-1 in the temperature range 30-85 °C with 
a commercial Pd/AC catalyst. 
Comparing both catalysts the rate constants kHDC-1 were around 6 times higher at all the temperatures 
tested with the AC-based one. On the other hand, the activity for the consecutive hydrogenation of Ph 
was approx. 2 orders of magnitude lower than that of Pd/Al2O3, which is consistent with previous works 
dealing with Pd-supported catalysts [14, 17, 26]. However, it is important to highlight that the support 
presented a significant effect on consecutive hydrogenation and the difference of kHDC-1 to kHDC-2 
increases to even 3 orders of magnitude for Pd/AC-AA(1). The high difference is of importance, if 
despite detoxification of 4-CP also Ph as intermediate shall be produced in high selectivity.  
The same parameter fitting with both models was also carried out for the remaining two catalysts 
Pd/AC-SA(5) and Pd/AC-AA(10) at 30 °C. The obtained kinetic rate constants and the experimental 
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and predicted concentration curves have been included in the Supplementary Material. The parity plots 
in Fig. 4 finally compare the calculated and measured concentrations for all catalysts in the HDC of 4-
CP at 30 °C. The high deviation of model 1 clearly shows that for high sorption capacity catalysts the 
kinetic data cannot be obtained like done often in literature, hence, with this oversimplified model 1 or 
even with a simple first order fit to the initial rate of depletion for 4-CP. Despite the wrong rate 
constants obtained, the amount of chloride ions formed will be calculated wrong and thus also the 
change of pH with the course of reaction. 
 
3.4. Employing the determined kinetic data to simulate selectivity towards phenol 
Model 2 and the kinetic data deduced for the different catalysts are finally employed to calculate the 
selectivity towards the intermediate Ph that can be obtained. From the batch experiments this data is not 
directly available as not all Ph is present in the solution but also adsorbed. Thus selectivity calculated 
directly from the solution concentration will be too low. Fig. 5 shows the calculated selectivity to Ph and 
C-one for all the catalysts. As has been aforementioned, the support plays an important role on the ratio 
of both reaction steps in the consecutive reaction network. With Pd/AC-AA(1) an extraordinary 
selectivity of 99% can be obtained at 99% of 4-CP conversion. Contrary, Pd/Al2O3 with a faster Ph 
hydrogenation activity shows a progressive decrease on the selectivity with increasing degree of 
conversion and at 99% of 4-CP conversion only a selectivity to Ph of 89% can be obtained. The other 
two AC supported catalysts with higher Pd loading are in between, and a trend for higher Ph selectivity 
with lower Pd loading results from the interplay of adsorption and reaction. Thus, depending if a process 
aims only at detoxification of organochlorinated compounds or also at production of chemicals from the 
intermediates obtained, a high or a low active metal loading on a high sorption capacity support is 
advantageous. 
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4. Conclusions  
In this work, we have demonstrated that ad- and desorption of the target pollutant as well as the 
reaction products need to be taken into account to deduce true kinetic constants for the HDC process. It 
has been shown that the conventional kinetic model only allows fitting the experimental results when 
negligible adsorption capacity catalysts such as alumina are employed. However, when AC-based 
catalysts are used the HDC constants were always overestimated and the carbon balance could not be 
closed as more than 50% of the carbon was adsorbed onto the support. Including the sorption processes 
in the kinetic model resulted in a reasonable fit with both negligible and high adsorption capacity 
catalysts. Furthermore, it allowed closing the mass balance during the whole course of reaction and 
predicting accurately the selectivity to the reaction products. As true HDC kinetic constants are 
obtained, the comparison of different catalysts is possible as well as the estimation of their performance 
at technical scale.  
As has been shown, the support plays an important role on both HDC and hydrogenation reaction 
steps in the consecutive reaction network. The application of AC-based catalysts has proved to be 
advantageous compared to alumina ones as in all cases higher HDC rates have been obtained. On the 
other hand, depending on the goal of the process the selectivity to the reaction products can be 
appropriately tuned by modifying the Pd loading.  
 
Figure captions 
Scheme 1. Scheme of the reaction network accounted by model 1 and model 2 for the HDC of 4-CP. 
Fig. 1. Experimental data (symbols) and Langmuir fits (solid lines) for the adsorption equilibrium of 
4-CP (a), Ph (b) and C-one (c) onto Pd/AC-AA(1) at 30 °C. 
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Fig. 2. Time evolution of 4-CP (▪), Ph (●) and C-one (▴) in the bulk phase with Pd/Al2O3 catalyst at 30 
°C. Experimental (symbols) and model fit (solid lines) – model 1 (a) and model 2 (b). 
Fig. 3. Time evolution of 4-CP (▪), Ph (●) and C-one (▴) in the bulk phase with Pd/AC-AA(1) at 30 °C. 
Experimental (symbols) and model fit (solid lines: free species, dash lines: adsorbed species) – model 1 
(a) and model 2 (b). 
Fig. 4. Parity plots for 4-CP (▪), Ph (◦) and C-one (▵) evolution upon HDC using model 1 (a) and 
model 2 (b) with Pd/Al2O3 (blue symbols), Pd/AC-AA(1) (black symbols), Pd/AC-SA(5) (grey 
symbols) and Pd/AC-AA(10) (green symbols) catalysts.  
Fig. 5. Selectivity to Ph (solid lines) and C-one (dash lines) vs. 4-CP conversion with Pd/Al2O3, Pd/AC-
AA(1), Pd/AC-SA(5) and Pd/AC-AA(10) catalysts at 30 °C.  
 
Table captions 
Table 1. Adsorption equilibrium data of 4-CP, Ph and C-one onto Pd/AC-AA(1), Pd/AC-SA(5) and 
Pd/AC-AA(10) catalysts at 30 °C. 
Table 2. Values of the kinetic rate constants and pH values at the end of the reactions with the Pd/Al2O3 
catalyst. 
Table 3. Values of the kinetic rate constants obtained using model 1 and model 2, and pH values at the 
end of the reactions with the Pd/AC-AA(1) catalyst. 
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Table 1 
 Pd/AC-AA(1) Pd/AC-SA(5) Pd/AC-AA(10) 
4-CP Ph C-one 4-CP Ph C-one 4-CP Ph C-one 
KSORP 
(L mmol
-1
) 
16.9 3.2 0.3 5.7 3.8 0.9 7.1 2.2 1.0 
CADS-MAX  
(mmol gcat
-1
) 
1.9 2.1 2.2 2.0 1.5 1.5 2.4 2.1 2.5 
R2 0.97 0.98 0.99 0.97 0.96 0.98 0.96 0.95 0.98 
 
 
Table 2 
 
Temperature 
(°C) 
Model 1/Model 2 R
2
 pHfinal 
kHDC-1 x 10
4
 
(L mgPd
-1
 s
-1
) 
kHDC-2 x 10
6
 
(L mgPd
-1
 s
-1
) 
20 0.85 2.69 0.98 3.5 
30 1.40 4.33 0.99 3.7 
40 2.31 5.90 0.99 3.8 
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Table 3 
 
Temperature 
(°C) 
Model 1 R
2
 Model 2 R
2
 pHfinal 
kHDC-1 x 10
4
 
(L mgPd
-1
 s
-1
) 
kHDC-2 x 10
6
 
(L mgPd
-1
 s
-1
) 
kHDC-1 x 10
4
 
(L mgPd
-1
 s
-1
) 
kHDC-2 x 10
6
 
(L mgPd
-1
 s
-1
) 
20 7.81 0.12 0.53 6.12 0.30 0.99 2.6 
30 12.01 0.20 0.71 9.35 0.55 0.99 2.7 
40 14.52 0.33 0.61 12.51 0.95 0.99 2.9 
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Figure 5 
Scheme 1 
0 20 80 90 100
0
20
40
60
80
100
Pd/AC-AA(10)
Pd/AC-AA(1)
S
e
le
c
ti
v
it
y
 (
%
)
4-CP conversion (%)
Pd/Al
2
O
3
Pd/AC-SA(5)
